A general procedure for the preparation of the monoglycyl and dimethyl ester and amide derivatives of S-(4-bromobenzyl)glutathione are reported, in addition to purification procedures.
INTRODUCTION
Glutathione (y-glutamylcysteinylglycine) fulfils a variety of roles vital to life processes. It functions as a coenzyme (e.g. formaldehyde dehydrogenase, glyoxalase I, glutathione isomerase, glutathione peroxidase), co-substrate (e.g. glutathione S-transferase), substrate (e.g. y-glutamyl transpeptidase), or as part of the substrate architecture (e.g. glyoxalase II). It also plays a vital role in the detoxification of xenobiotics, transhydrogenation reactions, protein thiol maintenance and membrane protection via the neutralization of peroxides and free radicals. Glutathione-dependent enzymes have been studied from a variety of perspectives, which include the use of chemically GSH analogues, e.g. photoaffinity labels based on GSH (Douglas et al., 1982a) , N-or S-blocked GSH derivatives as probes to GSH-binding sites (Vince et al., 1971; Vander Jagt & Han, 1973; Askelof et al., 1975; Douglas et al., 1982b) and peptide analogues (Chen et al., 1985; Adang et al., 1989) . As a consequence of the above studies it became necessary to investigate further the proposed roles of the carboxy groups of glutathione with some glutathione-dependent enzymes. To study these regions on the enzyme we needed to prepare a range of selectively modified analogues based on S-bromobenzylglutathione, a good competitive inhibitor of both glyoxalase I and glutathione transferase (Vince et al., 1971; Askelof et al., 1975) . Esterification by the HCI (gas)/methanol procedure reported to be successful in the preparation of the monoglycyl ester of GSH (Vander Jagt & Han, 1973) proved to be unsatisfactory on this occasion, possibly due to the low solubility of this S-blocked GSH in methanol under the reaction conditions used. Although this reaction is seemingly simple, few procedures exist for the selective methylation of carboxy residues on peptides. On the basis of the reported observation that selective methylation is achieved using thionyl chloride/methanol (Boisonnas et al., 1955) in the esterification of the y-carboxy group (pKa 4-07) of glutamic acid, we reasoned that this selectivity was possibly a function of the higher PKa of the group, steric hindrance or a consequence of the presence of an a-amino group. As these conditions were fulfilled by the glutathione molecule, it seemed appropriate to use this reagent in the proposed synthesis. We report now a successful and convenient approach to the selective modification of the carboxy groups of GSH in addition to purification procedures for such derivatives (5-10): were carried out with ninhydrin reagent. Melting points (uncorrected) were determined with an m.p. microscope (Reichart).
Assignment of glycine modification in derivatives 5 and 6 were made by anaerobic hydrazinolysis of the peptides at 110°C for 24 h (Schroeder, 1972) . Separation ofthe hydrazinolysis products of 1, 5 and 6 as well as glycylhydrazide and y-glutamylhydrazide standards by cellulose or silica chromatography developed in butanol/acetic acid/water (12:3:5, by vol.) and revealed with ninhydrin, allowed differential comparisons and assignment of 5 and 6 to be made. Separation of the hydrazinolysis products of 1, 5 and 6 were also effected after derivatization with phenyl isothiocyanate/triethylamine reagent before separation on a Waters Pico Tag column with a two-part linear gradient (Tarr, 1986) .
S-(4-Bromobenzyl)glutathione (1) (Vince et al., 1971 ) and Nbenzyloxycarbonyl-S-(4-bromobenzyl)glutathione (4) (D'Silva et al., 1982) were prepared by literature procedures or modifications thereof.
S-(4-Bromobenzyl)glutathione methyl glycinate (5) To an ice-cooled suspension of S-(4-bromobenzyl)glutathione (1) (2.0 g; 4.2 mmol) in methanol (40 ml) was added dropwise thionyl chloride (0.4 ml; 5.5 mmol) and the solution left at room temperature for 4 h with occasional agitation. The solution was then evaporated to an oil, redissolved in a small amount of methanol and purified by column chromatography on Dowex-1 (lX4-400; formate form; 2.0 cm x 20 cm column; methanol eluant). Fractions containing the product were pooled, evaporated and recrystallized from methanol/water to give a colourless solid, 0.54 g (26.0 %), m.p. 185-187°C (negative S-(4-Bromobenzyl)glutathione glycinamide (6) S-(4-Bromobenzyl)glutathione (1) (2.0 g: 4.2 mmol) was converted into S-(4-bromobenzyl)glutathione methyl glycinate (5) as described above and the resultant oil obtained prior to purification by column chromatography treated with NH3(gas)-saturated methanol (50 ml) with agitation to aid solubilization and the solution left for 60 h at room temperature. 7.4 (4H, m, Ar-H), 4.0-4.8 (H20), 3.8 (4H, m, 2 x CH2-S), 3.4 (1H, m, CH), 2.7-2.0 (6H, m, Gly-CH2, Glu-CH2CH2). N-Benzyloxycarbonyl-S-(4-bromobenzyl)glutathione dimethyl ester (9) To N-benzyloxycarbonyl-S-(4-bromobenzyl)glutathione (4) S-(4-Bromobenzyl)glutathione dimethyl ester hydrobromide (7) To N-benzyloxycarbonyl-S-(4-bromobenzyl)glutathione dimethyl ester (9) (0.6 g; 0.94 mmol) protected from moisture was added 45 % HBr/acetic acid (BDH) (10 ml). The solution was gently agitated until all the compound had dissolved (15 min) and then precipitated with dry diethyl ether (50 ml N-Benzyloxycarbonyl-S-(4-bromobenzyl)glutathione diamide (10) N-Benzyloxycarbonyl-S-(4-bromobenzyl)glutathione dimethyl ester (9) (1 g; 1.56 mmol) was dissolved in hot methanol (80 ml), cooled, and then the solution saturated with NH3 (gas) and left lightly stoppered at room temperature for 80 h. S-(4-Bromobenzyl)glutathione diamide hydrobromide (8) This was prepared from N-benzyloxycarbonyl-S-(4-bromobenzyl)glutathione diamide (10) (0.28 g; 0.46 mmol) using the same procedure as described for compound (7). The product was obtained as an extremely hygroscopic colourless solid, 0.27 g (84.0 %). [Found: C, 32.5; H, 4.4 
RESULTS AND DISCUSSION
The reaction sequence employed for the synthesis of compounds 4-10 is shown in Scheme 1. The thionyl chloride/methanol procedure was used for the selective formation of the glycyl monomethyl ester derivative (5) from 1. This procedure is sufficiently specific that greater than 1 equiv. of reagent can be added with no significant difficulty associated in purification of the ester derivative. Purification of the ester to remove trace amounts of dimethyl ester which may have formed was achieved by Dowex (1X4-400) column chromatography.
The selectivity of the reaction when undertaken at room temperature or ice-cold conditions is associated both with the PKa values of the carboxy groups (y-3.73; a-2.12) (Vander Jagt & Han, 1973) and the presence of the free a-amino group. Since the a-amino group is acid-strengthening with respect to the a-CO2H group, hence the lower pKa (a 2.12), its protection would therefore be expected to reduce the acidity of the a-CO2H group (PKa > 2.12) and result in loss of selectivity of methylation. As expected protection of the a-amino group with the benzyloxycarbonyl group resulted in complete loss of selectivity and a high yield (88.7 0) of the dimethyl ester (9). Both for the monomethyl and dimethyl esters conversion into the corresponding amide derivative 6 and 10 respectively was achieved through incubation with NH3/methanol. The free amino forms of derivatives 7 and 8 were obtained as their hydrobromide salts by treatment of 9 and 10 respectively with HBr/acetic acid. Compounds 5 and 6 were isolated from aqueous solutions with various amounts of water of hydration; however, both compounds were not perceptibly hygroscopic. Compounds 7 and 8 were hygroscopic and the latter was isolated and found to contain ethanol, a product of HBr-catalysed hydrolysis of diethyl ether.
The availability of amino-and carboxy-modified glutathione analogues has allowed us to map systematically the GSH-binding site of enzymes such as yeast glyoxalase I (Douglas et al., 1982b; D'Silva, 1986) and equine liver glutathione transferase [the preceding paper (D'Silva, 1990) ]. On the basis of these studies we have implicated the glycine carboxy group of yeast glyoxalase I in intramolecular participation via a histidine residue in the catalytic mechanism of the enzyme (D'Silva, 1986) . In the case of glutathione transferase we propose involvement of the N-amino and glutamic acid and glycine carboxy groups of GSH with electrostatic interaction with the corresponding sites located on the enzyme. The generality of the procedure described here to the synthesis of carboxy-group-modified glutathiones has been demonstrated by the successful applica.ion of the technique to the preparation of derivatives of the hexapeptide, oxidized glutathione. 
